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age comparisonThe Rb–Sr decay system is one of the most widely used geochronometers for obtaining ages and cooling rates
of terrestrial magmatic, metamorphic, and hydrothermal events. It has also been extensively applied to date
extraterrestrial, early solar system events. The accuracy of Rb–Sr ages, however, strongly depends on the
accuracy of the 87Rb decay constant (λ87Rb). We determined λ87Rb relative to the decay constants of 235U and
238U by comparing Rb–Sr ages of minerals with U–Pb ages obtained from the same intrusion. Comparison
of U–Pb emplacement ages with high-precision Rb–Sr mineral ages from three rapidly cooled igneous
rocks covering an age range of ca. 2.5 Ga yields an unweighted mean λ87Rb of 1.393±0.004×10−11 yr−1
(i.e., ±0.3%), corresponding to a half-life of 49.76×109 years. Because this decay constant is 2% lower than the
presently recommended one, many previously published ages are 2% too young and the resulting geologic
interpretations may need revision.ences, The Australian National
-NC-ND license.© 2010 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Absolute dating of geologic processes or events with radioactive
decay systems relies on the accuracy and precision of the decay
constant of the parent nuclide. A widely used dating tool in
geosciences is the Rb–Sr decay scheme, which is, due to its long
half-life of ~49 billion years (Ga), suitable for dating processes and
events throughout Earth's history back to the beginning of the solar
system. For more than four decades, the Rb–Sr system has been
extensively used to date early solar systemmaterial and to trace large
scale terrestrial processes (e.g., Birck and Allègre, 1978; Birck et al.,
1975; Halliday, 2008; Minster and Allègre, 1976; Minster et al., 1982;
Misawa et al., 1993; Shih et al., 1993). The Rb–Sr dating technique
requires the determination of the relative Rb and Sr concentrations
and the Sr isotope compositions of at least two components (minerals
or rocks) that were in Sr isotope equilibrium when they formed. For
pristine, undisturbed samples, the uncertainty of Rb–Sr ages depends
on the precision and accuracy of these measured values and the decay
constant. Previous limitations in Rb–Sr chronology were relatively
imprecise Rb concentration determinations and the uncertainty of
λ87Rb. Recently, however, the precision of Rb concentration determi-
nations has been signiﬁcantly improved by analysing Rb with multi
collector mass spectrometers that are equipped with a plasma source
(MC-ICP-MS). With these instruments, themass bias behaviour of one
element can be used to correct for the instrumental mass bias ofanother element that has only two isotopes (e.g., Charlier et al., 2006;
Maréchal et al., 1999; Nebel et al., 2005; Waight et al., 2002). When
using such external normalisation for isotope dilution measurements
of Rb concentration, precisions of ±0.2% (2 s.d.) on the resulting Rb/Sr
values are typically achieved (cf. ~±1% for TIMS data; e.g., Nebel and
Mezger, 2006; Waight et al., 2002; Willigers et al., 2004). The
potential precisions of Rb–Sr ages can thus be improved signiﬁcantly
to a similar extent, such that they would match those of other
chronometers, e.g., U–Pb or Lu–Hf. Despite this improvement, the
accuracy of Rb–Sr ages has been still limited by the uncertainty ofλ87Rb,
the accepted value of which being perhaps 1–2% too high (e.g.,
Begemann et al., 2001). This introduces an uncertainty into Rb–Sr
ages that is an order of magnitude worse than the potential precision
allowed by recent analytical achievements. Improving the precision and
accuracy of the 87Rb decay constant is thus a prerequisite to taking
advantage of the analytical improvements, and ensuring accurate ages
that can be directly compared to those from other well-calibrated
geochronometers.
In this study, we use the technique of age comparison to calibrate
λ87Rb against the relatively well constrained decay constants of 235U
and 238U (Jaffey et al., 1971). An essential assumption in this approach
is that both chronometers date the same geologic event. Thus some
speciﬁc geologic circumstances have to be met to obtain a reliable
λ87Rb value. It is essential that the selected samples contain phases
whose Rb–Sr and U–Pb systems have not been disturbed since the
formation of the rock. Notably, the high mobility of Rb and Sr
during geologic processes and the low closure temperature of the
Rb–Sr system in many of the minerals that are suitable for precise
geochronology (e.g., micas, Jenkin et al., 1995, 2001; Villa, 1998)
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Mezger, 2008). We have therefore attempted to select samples in
which 1) there were no apparent thermal or chemical disturbances
of the Rb–Sr or U–Pb systems, and 2) both chronometers are likely
to have closed contemporaneously or within a time span of less than
0.2% of their age.1.1. Samples selected for λ87Rb determinations
Mineral separates from three igneous rocks taken from different
geologic settings and having different ages were analysed for their
Rb–Sr systematics to constrain the 87Rb decay constant relative to
those of uranium. For all samples, mica was used as the high-Rb/Sr
phase. Moreover, all samples had been precisely dated with the U–Pb
system in zircon or baddeleyite, and these ages are assumed to date
the igneous emplacement of the rocks. The samples' geologic context,
together with our petrologic investigations, indicated that these
samples cooled rapidly after intrusion and were not subjected to later
thermal overprinting.
The ﬁrst sample is a coarse-grained carbonatite from the
Phalaborwa Complex, north-eastern Transvaal, South Africa. The
Phalaborwa Complex is an intracratonic alkali intrusion that is
dominantly composed of clinopyroxenites, with minor phoscorites
and carbonatites. The complex has been described in detail by
Eriksson (1984). Phalaborwa baddeleyite has yielded precise U–Pb
ages of 2059.8±0.8 Ma (Heaman and LeCheminant, 1993) and
2060.5±0.5 Ma (Reischmann, 1995), and a less well constrained
age of 2058±11 Ma (Horn et al., 2000). The sample used in this study
contains calcite, magnetite, chondrodite, apatite, and accessory
baddeleyite and mica. The same rock sample was used previously
for calibrating λ176Lu using a U–Pb concordia age on baddeleyite of
2059.9±3.4 Ma (Scherer et al., 2001). Note that the U–Pb investiga-
tions on various baddeleyite crystals from the Phalaborwa carbonatite
by different research groups all yield consistent ages. That the
Phalaborwa U–Pb results of the Münster (Scherer et al., 2001) and
Royal Ontario Museum (e.g., Heaman and LeCheminant, 1993)
laboratories agree exactly suggests that there is no large bias between
these labs in terms of method or spike calibration. Furthermore, the
decay constant of 176Lu obtained from this rock sample is in excellent
agreement with other age comparison determinations based on
various minerals from ﬁve different localities (Scherer et al., 2001;
Söderlund et al., 2004), strongly suggesting that neither the U–Pb
system nor the Lu–Hf system in apatite and baddeleyite have been
signiﬁcantly disturbed since the emplacement of the carbonatite. The
mica and apatite in the sample appear to be unaltered and there is no
macroscopic evidence that the Rb–Sr system has been disturbed after
crystallisation of the rock.Fig. 1. Photo micrograph of (A) the Klokken syenite, sample KB20A, showing apatite and m
mica associated with slightly altered feldspar. The tiny porous structures in zoned plagioclaThe second sample is a mica-bearing rock from the Klokken
Intrusion in southern Greenland. The Klokken syenite, a shallow
layered intrusion in the south-western segment of the Gardar alkaline
province, is one of themost intensely studied examples of Precambrian
magmatism (e.g., Brown et al., 1982; Parsons, 1979, 1980; Parsons
et al., 1988, 1991). The 3×4 km, oval magmatic stock has sharp
contacts against basement rocks and comprises an onion-shaped
structure with a thin outer gabbroic sidewall that encloses the syenitic
magma chamber (Parsons, 1979). The syenitewas intruded by biotite–
syenodiorite sills (Parsons et al., 1988), and its emplacement is well
constrained by U–Pb analyses of baddeleyite and titanite, which
yielded an upper intercept age of 1166.3±1.2 Ma (Harper, 1988).
There is no evidence for a thermal, post-intrusive overprint of the
Klokken syenite (Brown and Parsons, 1984; Burges et al., 1992).
Samples used in the present study (KB20A and KB21) were collected
from the interior syenodiorite sills, which are moderately coarse-
grained (~1–2 mm). Both samples are superbly freshwith no evidence
of alteration (Fig. 1A). The entire Klokken stock intruded at a depth
of≤3 km, and thus should have cooled to below 300 °C within 100 ka
(Brown and Parsons, 1984; Parsons et al., 1988). The intrusion would
have therefore cooled rapidly through the closure temperatures of
U–Pb in baddeleyite (unknown, but presumably high) and Rb–Sr in
biotite (~350 °C, e.g., Jenkin et al., 1995, 2001) within 0.01% of the
emplacement age. Any difference between these closure tempera-
tures will therefore lead to less than 0.01% systematic error on the
resulting 87Rb decay constant.
The third rock sample, BG-1, is from a drill core of the Bolgokhtokh
granodiorite, an intrusion belonging to the latest magmatic activity
recognised in the greater Noril'sk–Kotuy area in Russia (Kamo et al.,
2003). Noril´sk is located in the north-western segment of the Siberian
platform at the centre of the Siberian ﬂood volcanic province. The
majority of the extrusive and intrusive rocks of this ﬂood basalt
province formed at ~251 Ma, which coincides with the Permian–
Triassic boundary. The late-stage magmatic stock from which the
sample was taken is interpreted to have been emplaced as a result of
late Triassic tectonic activity that shaped the present day Siberian
platform (Kamo et al., 2003). Wooden et al. (1993) suggested that
melting of the lower crust was the source of this intrusion, which
marks the last tectono-thermal activity in the greater region. Minor
sericite veins in some feldspar crystals and interstices indicate some
weathering or alteration phenomena on the thin section scale.
However, mica appears to be fresh and unaffected (Fig. 1B). The
sample has been dated by U–Pb in zircon, yielding 206Pb–238U and
207Pb–235U ages of 229.0±0.4 and 229.3±0.5 Ma, respectively, with
a concordia age of 229.05±0.36 Ma (MSWD of concordance=0.41,
Kamo et al., 2003). Argon–argon dating of biotite from the same
intrusion yielded an age of 223.2±1.2 Ma, in general agreement with
the 224.1±1.9 Ma and 220.9±1.0 Ma Ar–Ar ages of hornblendeica as primary magmatic phases, and (B) the Bolgokhtokh granodiorite, showing fresh
se feldspar are ﬁlled with secondary sericite. The scales in A and B are identical.
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the K–Ar system in biotite is about 100 to 150 °C lower than that in
hornblende (Harrison, 1981; Harrison et al., 1985), the agreement of
Ar–Ar ages between these twominerals implies rapid cooling over the
temperature interval where Rb–Sr in biotite is also expected to close.
Assuming that the cooling rate slows with time, initial cooling would
have been even faster, such that the Ar–Ar ages should approximately
date emplacement. These Ar–Ar ages, however, are signiﬁcantly
younger than the U–Pb crystallisation age of zircon, which Kamo et
al. (2003) interpreted to date emplacement. This discrepancy may be
the result of analytical biases in Ar–Ar ages and possible inaccuracies of
the K decay constants. The accuracy of the Ar–Ar method generally
depends on the accuracy of the standards used for the calibration.
Adjusting the Ar–Ar data by re-normalisation of standards that were
analysed together with the Bolgokhtokh sample to commonly used
reference ages yields sample ages that are ~1.4% older (Dalrymple et
al., 1995). There is also growing evidence (Begemann et al., 2001;
Krumrei et al., 2006) that λ40K is probably ~1–2% lower than the
presently accepted value from Steiger and Jäger (1977), suggesting
that this decay constant is also in need of recalibration. Correcting for
both of these systematic offsets would make the Ar–Ar ages of biotite
and hornblende 2–3%older, bringing them into agreementwith theU–
Pb intrusion age. This would imply cooling from magmatic temper-
ature to below the closure temperature of Ar–Ar (and also of Rb–Sr) in
biotite within 2 Ma.2. Analytical techniques
2.1. Mineral and chemical separation and isotope analyses
Whole rocks were crushed in either a steel mortar or in a steel
disc mill and then sieved into different grain-size fractions. From the
125–250 μm fraction, mineral separates (mica, feldspar, apatite, and
amphibole) were recovered using different techniques. Amphibole,
mica, and feldspar separates were obtained using a magnetic
separator with apatite being further concentrated using heavy liquids.
All samples were ﬁnally puriﬁed by handpicking under a binocular
microscope. Any visibly altered or weathered grains were removed.
The ﬁnal feldspar fractions were washed in cold 0.75 M HCl for
5 minutes and subsequently rinsed in de-ionized water. Mica
fractions were ground gently in an agate mortar with acetone to
crush mineral inclusions, which were later removed by sieving and
discarding the b62 μm fraction. Before digestion, all separates were
spiked with a mixed 87Rb–84Sr tracer. Typically, 1–10 mg of mica, 10–
30 mg of feldspar, 20 mg of amphibole, and 2–15 mg of apatite were
used for individual analyses. After spiking, the mineral fractions were
dissolved in a HF–HNO3 mixture for one day on a hotplate at 120 °C.
Mica solutions were evaporated to dryness and equilibrated for one
day in capped vials with 2.5 M HCl and then evaporated again.
Feldspar and amphibole separates were dried down and treated 3
times by evaporating with concentrated HNO3 to break down
ﬂuorides. Subsequently, the samples were equilibrated in 2.5 M HCl
and dried down. Apatite fractions were dissolved in hot HF–HNO3
(2:1) and evaporated to dryness. The residues were re-dissolved in
3 M HNO3 and dried again.
Rubidium and Sr were separated from the mineral matrix using a
two-step ion exchange chemistry. All samples were dissolved in 2.5 M
HCl and loaded onto the ﬁrst column (DOWEX® AG50W-X8 cation
resin), where the bulk matrix, Rb, and Sr were sequentially eluted
with 2.5 M HCl. For high-Rb/Sr samples, this column stage was
repeated for the Sr cut. The remaining Sr in the Rb cut was removed
using Eichrom® Sr-Spec (Horwitz et al., 1992). This step is often
necessary to avoid the isobaric interference from 87Sr during Rb
isotope dilution measurements. The apatite fractions were processed
in the same way as for high-Rb/Sr samples, except that the Rb cutswere not passed through the Sr-spec column. Further details of the
separation methods are given in Nebel et al. (2005).
Rubidium concentrations were determined by isotope dilution
with a MC-ICP-MS (Micromass IsoProbe), using admixed Zr to correct
for the instrumental mass bias following the method described in
Nebel et al. (2005). To expedite the Zr washout in the nebulising
system, a 0.2 M HNO3–0.012 M HF solution was used for sample
analyses and rinsing. The HF molarity was kept low to minimize
dissolution or leaching of the glass cyclonic spray chamber.
Strontium isotope measurements were performed using TIMS
(Finnigan Triton) in static mode with rotating ampliﬁers. All ratios
were corrected for instrumental mass fractionation using 86Sr/
88Sr=0.1194. During the course of the study, the external reproduc-
ibility of 87Sr/86Sr and 84Sr/86Sr measurements of the NBS-987 Sr
standard were ±0.004% (2 s.d.) and ±0.03%, respectively. For each
analytical session, the measured 87Sr/86Sr values of samples are
reported relative to a reference value of 0.710248 for the NBS-987
standard to correct for long-term instrumental drift. Reported
uncertainties on the Rb/Sr of samples were estimated from the
reproducibility of repeated analyses of optimally spiked standard
solutions, i.e., ±0.2%. This uncertainty is then multiplied by an error
magniﬁcation factor to account for over- or underspiking. The 2 s.d.
external reproducibility of 87Sr/86Sr values for use in isochron plotting
was estimated to be 1.4 times the internal 2 s.e. analysis statistic on
the basis of NBS-987 analyses performed between November 2004
and January 2006.
2.2. Isotope tracer calibrations and decay constant calculations
Until now, the main challenges to λ87Rb calibration via the age
comparison method were 1) the lack of a robust means of correction
for mass fractionation during ID-TIMS Rb concentration determina-
tions, and 2) difﬁculties with calibrating mixed Rb–Sr spikes.
As previously mentioned, the ﬁrst issue has been resolved by
performing the Rb ID analyses with the MC-ICP-MS, whereby the
mass bias behaviour of a second, admixed element of known isotopic
composition—Zr in this case—is used to apply a precise and accurate
mass bias correction to the measured 87Rb/85Rb values. The second
challenge is to accurately calibrate the isotope tracer that is used
to obtain the Rb–Sr ratios of the isochron points. This problem stems
from the fact that Rb and Sr metals are very reactive. It would be
difﬁcult to maintain them in a pure form long enough to weigh them
accurately, and the vigorous reactions that would take place upon
dissolving the metals in acids potentially lead to loss of Rb and Sr in
ejected vapour droplets andmightmake themass of the ﬁnal solutions
difﬁcult to determine. Thus Rb–Sr spikes cannot be prepared in the
same manner as that used for e.g., Sm–Nd and Lu–Hf, whereby metal
ingots may be slowly dissolved in acids without signiﬁcant loss of the
added elements or solution. Rather, salts of Rb and Sr are commonly
used as the calibration standards.We have also employed this method
to calibrate three mixed isotopic tracers designed to cover a wide
range of Rb/Sr (0.01 to 7500) in natural rocks andminerals (Nebel and
Mezger, 2006, and this study).
This method of calibration depends on the purity and stoichiom-
etry of the salts used. To check stoichiometry, we have used both
chloride and carbonate salts of Rb and Sr. Because of the hygroscopic
behaviour of some salts, they were ﬁrst heated in an oven to drive
off adsorbed water, cooled in a desiccator and then weighed. This
procedure was repeated until no signiﬁcant changes in the weights of
the salts were observed. Six gravimetric Rb–Sr standard solutions
in ~1 M HCl were then prepared, three from carbonate salts (A, B, and
C) and three from the chloride salts (1, 2, and 3). Standards A and
1 were optimized for calibrating our highest Rb/Sr spike, “Mica-II,”
B and 2 for our intermediate Rb/Sr spike “Mica-I,” and C and 3 for
the low-Rb/Sr “FSP-I” spike. These concentrated stock solutions were
further diluted such that ~0.5 to 5 g of solution would be needed
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large masses minimizes uncertainties due to the microbalance
reproducibility and evaporation effects. Each of the three spikes was
calibrated six times, twice with the “optimal” (i.e., most appropriate
Rb/Sr) chloride standard, twice with the optimal carbonate standard,
and twice with the “next best” standards from the chloride and
carbonate groups. In this way, all three spikes were cross-calibrated. A
calibration consists of mixing carefully weighed amounts of spike and
standard solutions, equilibrating these on a hotplate, putting them
through the normal chemical procedure to isolate Rb and Sr, and then
analysing these with the same methods as for natural samples. The
nominal concentrations of each spike were then adjusted so that the
measured mean Rb and Sr concentrations for the various standards
used deviated b0.01% from their gravimetric concentrations. For the
two spikes used in this study (FSP-I and Mica-I) the uncertainties of
the Rb/Sr values are ±0.12% and ±0.16% (2 s.e., n=6), respectively.
For each spike, the average offset in Rb/Sr between chloride and
carbonate calibrations was less than the overall scatter among
chloride- or carbonate-only calibrations (0.08–0.18% vs. 0.29–0.85%
2 s.d.). This demonstrates the lack of a resolvable systematic offset and
strongly suggests that the assumption of ideal stoichiometry for the
different salts is correct. It was also found that for the highest Rb/Sr
standard solutions (A and 1), there was no difference between the
87Sr/86Sr of the pure Sr salt used to make the standard and that of the
Sr separated via ion exchange chemistry from the mixed Rb–Sr
standard. This indicates that the amount of radiogenic Sr in the Rb
salts used is insigniﬁcant and would not interfere with the calibra-
tions. Additional information on individual spike calibrations is given
in the online supporting material (Suppl. Table 1).
The individualdecayconstants fromeachsamplewere calculated from
the slope (m) of their Rb–Sr isochron and their emplacement age (t) as
deﬁned by U–Pb mineral data: λ=ln(m+1)/t. All isochron regressions
were calculated using Isoplot version 2.49 (Ludwig, 2001). Testing for
scatter among individual λ87Rbmeasurements requires the separation of
components of random error (e.g., uncertainties in isochron slopes and
concordia intercept positions) from components of systematic error
(uncertainties in spike calibrations and uranium decay constants). The
reported2 s.d.uncertainties for individualλ87Rbdeterminations therefore
include only the propagated uncertainties of the U–Pb age (excluding
λ238U and λ235U errors) and of the Rb–Sr isochron slope as calculated byTable 1
Rb–Sr analyses used for calculating isochron slopes.
Sample name Rb (ppm) Sr (ppm) 87Rb/86Sr
Phalaborwa carbonatite Reference age: 2060.4±1.4 Ma
Mica 1 780 28.8 100.5
Mica 2 647 24.0 99.93
Mica 3 747 33.4 79.21
Apatite 0.823 7270 0.000327
Klokken syenite Reference age: 1166.3±1.2 Ma
Biotite 1 (KB20A) 327 50.5 19.27
Biotite 2 (KB20A) 327 52.9 18.42
Biotite 3 (KB21) 322 63.4 15.06
Biotite 4 (KB20A) 320 30.2 32.23
Apatite (KB20A) 4.60 741 0.01797
Bolgokhthok syenite Reference age: 229.04±0.36 Ma
Biotite 1 762 31.2 72.24
Biotite 2 747 25.5 86.96
Feldspar 189 2520 0.2171
Amphibole 43.8 164 0.7704
Apatite 0.233 894 0.000754
All reference ages are calculated without propagated uncertainties of the U decay constan
reproducibility based on repeated measurements optimally spiked standard solutions (0.2
overor underspiking in both Rb and Sr. The 87Sr/86Sr uncertainties in parentheses are the in-r
November 2004 and January 2006, it was determined that the 2 s.d. external reproducibility
thus been applied to estimate the external 2 s.d. reproducibility of unknowns on the basisIsoplot. Error propagation follows that of Scherer et al. (2001, their Fig 1.
caption). The incorporation systematic uncertainty components into the
mean λ87Rb value will be discussed below.
3. Results
The results of the isotopeanalyses fromall sample localities are given
in Table 1. The mica fractions and the apatite from the Phalaborwa
carbonatite deﬁne a well constrained array in Rb–Sr isotope space
with a slope of 0.029060±69 and an MSWD of 0.077 (Fig. 2). Scherer
et al. (2001) dated baddeleyite from the same rock, and the resulting
concordia age of 2059.9±3.4 Ma was interpreted to date the emplace-
ment of the carbonatite intrusion. Neglecting the uncertainties of
the uranium decay constants, the age becomes 2060.4±1.4 Ma. The
corresponding decay constant is 1.3903±34×10−11 yr−1. Using the
more precise U–Pb age of 2060.6±0.5 Ma for a different sample of
the Phalaborwa carbonatite (Reischmann, 1995) yields a decay constant
of 1.3902±33×10−11 yr−1. We prefer to take a more conservative
approach and report the 1.3903±34×10−11 yr−1 value for this sample
because its U–Pb age and Rb–Sr data were derived from the same hand
specimen.
Biotite and apatite separates from samples KB20A and KB21 of the
Klokken intrusion deﬁne a ﬁve-point Rb–Sr isochron having anMSWD
of 0.50. At the given reference age of 1166.3±1.2 Ma (decay constant
uncertainties excluded), the isochron slope of 0.016358±33 yields a
decay constant of 1.3912±31×10−11 yr−1.
Apatite, feldspar, amphibole, and mica separates from the
Bolgokhtokh intrusion deﬁne a 5-point Rb–Sr isochron with an
MSWD of 1.5 and a slope of 0.003206±11. This corresponds to a
λ87Rb=1.3975±53×10−11 yr−1 when using the zircon concordia
age of 229.04±0.36 Ma as the reference age (Kamo et al., 2003;
recalculated to exclude U decay constant uncertainties).
Before consideration of any systematic uncertainties, the un-
weighted average of all three λ87Rb determinations is 1.3930±23×
10−11 yr−1 (2 s.d.), whereas the weighted average, calculated with
Isoplot v. 3.72 (Ludwig, 2001), is 1.3919±21×10−11 yr−1 (2 s.d.,
MSWD=2.8) or 1.3919±6×10−11 yr−1 (95% conﬁdence limits). The
main systematic uncertainties are 1) that of the Mica-I spike's Rb/Sr
value and 2) those of the U decay constants. Uncertainty in the Rb/Sr
of the FSP-I spike has very little inﬂuence on isochron slopes,2 s.d. ext. 87Sr/86Sr 2 s.e. in last 2 digits 2 s.d. ext.
0.4 3.62411 (26) 0.00036
0.37 3.609823 (72) 0.00010
0.42 3.00857 (55) 0.00077
0.000004 0.705271 (16) 0.000022
0.10 1.018493 (35) 0.000049
0.08 1.004787 (24) 0.000034
0.06 0.949755 (27) 0.000038
0.11 1.229490 (48) 0.000067
0.00007 0.703433 (13) 0.000018
0.35 0.93822 (50) 0.00070
0.42 0.984583 (75) 0.00011
0.0027 0.707057 (23) 0.000032
0.0020 0.708814 (24) 0.000034
0.000028 0.706330 (11) 0.000015
ts. The uncertainties quoted for the 87Rb/86Sr values are the estimated external (ext.)
% 2 s.d.) multiplied by an error magniﬁcation factor that is a function of the degree of
un measurement statistics (2 s.e.) On the basis of NBS-987 analyses performed between
was approximately 1.4 times the average internal 2 s.e. analysis statistics. This factor has
of their 2 s.e. in–run measurement statistics.
Fig. 2. Rb–Sr isochrons and Rb decay constant determinations obtained from individual
locations. See text for sources of U–Pb ages. The inset in the isochron diagram for the
Bolgokhtokh intrusion shows detail of the low-Rb/Sr end of the isochron.
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slopes directly. The relationship between the U decay constant
uncertainties and the various types of U–Pb and Pb–Pb ages is much
more complex (e.g., Begemann et al., 2001; Ludwig, 1998, 2000)
and also a function of sample age. By comparing the U–Pb ages and
their uncertainties calculated with- and without λU uncertainties
included, we estimated that the contribution of λU uncertainties
to be 0.15% or less for our samples. Uncertainties of the Mica-I spikeRb/Sr value (±0.2%) and arising from the λU values (0.15%) were
added in quadrature to the random analytical and geological uncertain-
ties described above, yielding the following means, now rounded to
the proper number of signiﬁcant digits: 1.393±4×10−11 yr−1 (2 s.d.,
unweighted, ±0.3%), 1.392±4×10−11 yr−1 (2 s.d., weighted, ±0.3%),
and 1.392±8×10−11 yr−1 (95% conﬁdence limits, weighted, ±0.6%).
These values are ~2.0% lower than the one recommended by the
Subcommission on Geochronology (Steiger and Jäger, 1977).
Of the above values, we recommend use of the unweighted mean
because there is no objective way to weight the determinations
according to how well each sample meets the requirements of rapid
cooling followed by closed system behaviour. The precisions of the
U–Pb ages and Rb–Sr isochron slopes, which determine the weights
of individual decay constant determinations in an average, do not
depend solely on these requirements. They are also functions of a
host of other parameters, such as sample age, the length of isochrons,
and the angle between a U–Pb sample array and concordia.
4. Discussion
4.1. Comparison with other lambda 87Rb determinations
Previous studies have employed three very different methods
to determine the Rb decay constant, each of which having its
own disadvantages. Direct counting of the radiation emitted during
the Rb decay is very challenging. The parent nuclide 87Rb emits β−
particles with a wide energy spread but low total energy. This
spectrum is difﬁcult to measure accurately because of unavoidable
background noise that obscures the low energy β-emission from 87Rb,
especially for particles having energies less than 15 keV, which
constitute ~20% of 87Rb decays (Lindner et al., 1989; Neumann and
Huster, 1976). Furthermore, variations in stoichiometry of the Rb salts
used, as well as self- and mount absorption within analysed thin ﬁlms
further introduce uncertainties in λ87Rb determinations (Neumann
and Huster, 1976) that are relatively large relative to the desired
target precision of ±0.1% (or better) for the decay constant.
Another class of experiments uses radiogenic ingrowthof 87Srwithin
a Rb-salt of known purity, stoichiometry, and isotopic composition. In
such “ingrowth experiments”, the amount of radiogenic 87Sr that
formed as the decay product of 87Rb is determined after a precisely
known time interval. Unfortunately, because of the longhalf-life of 87Rb,
this technique requires time spans on the order of years to accumulate
enough 87Sr to determine λ87Rb at a high enough precision. An
additional source of uncertainty in earlier ingrowth experiments is
that the amount of 87Sr initially present in the Rb-salt was not directly
determined (Begemann et al., 2001; Davis et al., 1977), which poses a
problem if the material contained a non-negligible amount of initial Sr.
A third technique is the comparison of Rb–Sr ages ofminerals fromold
rocks with awell constrained formation age deduced by a different decay
system, ideally using the same rock sample or co-magmatic rocks
collected from the same outcrop. This “age comparison” method has
been applied to the samples in the present study. For this technique, old
samples are preferred tomaximise the effect of Rb decay,which enhances
thepotential precisionof the resultingdecay constant. Ideally, the samples
should have been closed systemswith respect Rb–Sr andU–Pb since their
emplacement, but completely undisturbed geologicmaterial is difﬁcult to
ﬁnd (Amelin and Zaitsev, 2002; Begemann et al., 2001), and geologic
scatter is themost limiting factor on the precision of this technique. Decay
constants obtained by age comparison are subject to a systematic error
introduced by the absolute uncertainty of the reference chronometer, i.e.,
the uncertainty of the U decay constants. However, this error only
becomes relevant when Rb–Sr ages that are calculated with λ87Rb
obtained from age comparison experiments are referenced to chron-
ometers that were not calibrated against the U–Pb system. Additionally,
U–Pb is more precise than other radiogenic chronometers because of the
relative analytical ease of counting alpha emissions from U decay.
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are 0.11% and 0.14%, respectively (Jaffey et al., 1971).More recently, using
a large U–Pb data set, the ratio of the two U decay constants was
determined precisely (to ±~0.02%, Schoene et al., 2006), which in
turn leads to improved precision (±0.11%) and accuracy on λ235U,
assuming that the presently accepted λ238U is accurate. Our λ87Rb values
have been reported relative to the original Jaffey et al. (1971) U decay
constants. Incorporation of the revised λ238U/λ235U value would change
concordia ages by only−0.004% (Bolgokthokh) to−0.14% (Phalaborwa),
or when also considering U decay constant uncertainties, −0.017% to
−0.073%, respectively. These changes are within the U-related uncer-
tainty that has been incorporated into the error propagation explained
above.
Early determinations of λ87Rb were performed by counting
experiments as well as age comparisons and are indistinguishable
within reported uncertainties (Begemann et al., 2001). The precisions
of these determinations were several percent but at the time of
publication were state-of-the-art. However, subsequent improve-
ments in analytical techniques and the need for precise ages of
geologic events led toward increased precision. To eliminate potential
confusion over absolute Rb–Sr ages that may arise from the use of
different published λ87Rb values, the IUGS Subcommision on Geo-
chronology inter alias suggested a “best-ﬁt” value for λ87Rb, based on
the most recent determinations at that time (Steiger and Jäger, 1977).
This commission recommended that for geologic age determinations
a value of 1.42×10−11 yr−1 should be used to ensure consistency of
Rb–Sr ages. A detailed review of Rb decay constant determinations, in
particular of those presented before the recommendation of Steiger
and Jäger (1977) is given in Begemann et al. (2001) and by Kossert
(2003) (Fig. 3). Over the last three decades, determinations using
direct counting, ingrowth, and age comparison have all reported better
precisions than the earlier experiments (Kossert, 2003; Rotenberg
et al., in press). Some of the pre–1970 determinations do not agree
within their reported uncertainties.Fig. 3. Compilation of different Rb decay constant determinations since publication of the recom
in 1977 (light grey shaded area). The black dotted arrows show two recalculated values for λ87
the dark grey vertical bar and represents the unweighted mean of the Klokken, Bolgokthokh,On the basis of all available published and recalculated data of earlier
determinations, Begemannet al. (2001) suggested that the correct value
for λ87Rb is signiﬁcantly lower than the presently accepted value and
that the age comparison result from meteorites (Minster et al., 1982),
λ87Rb=1.402±8×10−11 yr−1, is probably the most reliable determi-
nation. Unfortunately, the data of Minster et al. cannot be readily re-
evaluated because important parts of the data set used for the
calibrations are not published.
Since the review by Begemann et al. (2001), few experiments have
been carried out to reﬁneλ87Rb. Themost recent counting experiment
(Kossert, 2003) gave a value of 1.396±9×10−11 yr−1, in agreement
with the value suggested here. An age comparison approach relative to
theU–Pb systemhas been performed byAmelin and Zaitsev (2002). As
stated by the authors, assuming simultaneous isotopic closure for
phlogopite, baddeleyite, and apatite in the studied phoscorites and
carbonatites yields λ87Rb=1.396±6×10−11 yr−1 relative to the
238U–206Pb age. Using the 232Th–208Pb age for apatite and those
authors' recalculated 232Th decay constant of 4.934±14×10−11 yr1,
the Rb–Sr isochron slope yields λ87Rb=1.400±7×10−11 yr−1,
whereas possible prolonged (~1 Ma, or 0.26% of the absolute age)
cooling between 600 and 300 °C shifts this value to 1.404×10−11 yr−1
(Amelin and Zaitsev, 2002). The most recent ingrowth experiment
yields a λ87Rb=1.396±1×10−11 yr−1 (Rotenberg et al., in press).
This value also agrees with our suggested value within stated
uncertainties. Noteworthy is that the most recent counting experi-
ment (Kossert, 2003) overlaps with both our suggested value and that
reported by Rotenberg et al. (in press).
4.2. Geologic implications
The 2% discrepancy between our unweighted mean value of 1.393±
4×10−11 yr−1 and the previously accepted value of 1.42×10−11 yr−1
(Steiger and Jäger, 1977) has a signiﬁcant impact on the Rb–Sr
geochronometer. Rubidium–Sr ages that were calculatedwith the Steigermended value (i.e., λ87Rb=1.42×10−11 yr−1) by the Subcommission on Geochronology
Rb from Begemann et al. (2001). The average λ87Rb suggested in this study is indicated by
and Phalaborwa results. (Data from Shih et al., 1985; Williams et al., 1982.)
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compared directly with ages from other geochronometers for which the
decay constant has been accurately calibrated. This becomes especially
important for modern, state-of-the-art Rb–Sr dating. The advent of MC-
ICP-MS methods has improved precisions of Rb concentration measure-
ments, Rb/Sr, and thus potentially Rb–Sr agedeterminations, in away that
the 2% difference in the absolute age determinations from the U–Pb and
Rb–Sr systems is resolvable.However, this is even the case in conventional
Rb–Sr dating using TIMS for Rb isotope analyses, such that previous
interpretations based on Rb–Sr chronometry determined with the TIMS
technique would also need revision. The systematic offset may lead to
misinterpretations of the geologic framework of a sample's environment
andhistory, a problemthat becomesparticularly relevant for Precambrian
samples. With increasing absolute age of a sample, the discrepancy
between chronometers becomesmore apparent, as a 2% offset introduced
by a decay constant bias can result in systematic errors of ~90 Ma for early
solar systemmaterial. An example of a Rb–Sr age interpretation that relies
on the decay constant recommended by Steiger and Jäger is the evolution
of the lunarmeteorite Asuka 881757 (Misawa et al., 1993). The Rb–Sr age
of 3840±32Ma calculated with λ87Rb=1.42×10−11 yr−1 is younger
than—and outside the analytical uncertainty of—the 3940±28Ma Pb–Pb
age but agreeswith the 3871±57Ma Sm–Ndage for the samemeteorite.
The internal Rb–Sr isochronagewas interpreted to reﬂect partial resetting
of the Rb–Sr system, most likely associated with an impact shock event.
Using the newly calibrated Rb decay constant, the Rb–Sr agewould agree
with both the Sm–Nd and Pb–Pb ages from the same sample, i.e., it
becomes 3914±32Ma, and this Rb–Sr age likely reports the time of
formation of the meteorite rather than a resetting event.
5. Concluding remarks
The re-assessment of the 87Rb decay constant relative to the U–Pb
systematics of three independent intrusions provides evidence that
the currently accepted λ87Rb value of 1.42×10−11 yr−1 advocated by
Steiger and Jäger (1977) is 2% too high. Accordingly, Rb–Sr ages
calculated with this value are biased downward by 2%, and geologic
interpretations based on them may need revision. For future Rb–Sr
dating and age-correcting of 87Sr/86Sr values of rocks, we suggest
a λ87Rb of 1.393±4×10−11 yr−1. The dimension of the offset of
this newly suggested value compared to the value currently in use
becomes most apparent when applied to Archaean or Hadaean rocks,
but may also prove useful for younger rocks having high-Rb/Sr phases
that allow high-precision dating.Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2010.11.004.
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